Introduction {#sec1}
============

Micro-/nanolenses play a crucial role in imaging, light harvesting, and manipulation techniques. They are employed to achieve super-resolution near-field imaging and superb performance of light emitting devices.^[@ref1]−[@ref3]^ For example, the strong focusing effect of small lenses is utilized to increase the light path in active layers of photovoltaics, presenting the potential to enhance conversion efficiency in solar energy harvesting.^[@ref2],[@ref3]^ Nanolenses typically exhibit planospherical convex structures of dielectric material, with a submicron thickness of ∼10--1000 nm and base diameter *D* \< 10 μm.  A super resolution beyond the diffraction limit achieved by the nanolens originates from the microscopic dimension, which shortens the focal distance and creates a small focal point atop the surface of a lens.^[@ref4],[@ref5]^ In tandem with conventional optical microscopy, a nanolens in contact with the subject enables the visualization down to ∼50 nm.^[@ref1],[@ref6],[@ref7]^ Since the seminal demonstration of the super resolution of the nanolens,^[@ref1]^ several reports have confirmed that using nanolenses made it possible to visualize a single virus or a single nanoparticle by using standard optical microscopy.^[@ref7]−[@ref11]^

Nanolenses with desirable geometrical and material properties can be fabricated by different methods, such as self-assembly,^[@ref1]^ nanoimprint,^[@ref12]^ induced dewetting of thin polymer film,^[@ref13]^ vapor-condensation,^[@ref9]^ electron-beam lithography,^[@ref14]^ or dip-pen by a probe.^[@ref15]^ A simple and scalable approach is conversion of nanodroplets at a solid--liquid interface to polymeric nanolenses by photopolymerization.^[@ref16]^ The precursor nanodroplets over a large surface area are produced by a simple solution-based solvent exchange.^[@ref17]^ These polymeric nanolenses are 10 nm to 1 μm in thickness, following the arrangement and size of designed chemical patterns on the surface.^[@ref18]−[@ref21]^ The curvature and morphology of the nanolenses are predetermined by the solution and flow conditions for nanodroplet formation.^[@ref18]−[@ref20]^ The production of surface nanolenses in a simple and controlled way opens the door to a wide range of nanolens-based applications.

Up to now, what remains largely unexplored are the optical properties of a nanolens in an evanescent field from total internal reflection (TIR) of light in the supporting substrate near the critical angle. In TIR microscopy, the selective detection, excitation, and visualization of species is confined to the narrow zone (∼150 nm) of the evanescent field, allowing for visualization of many processes in physics, chemistry, biology, and materials, for example, nanoparticle formation or ion flux within cell membranes.^[@ref22],[@ref23]^ In contrast to a large body of literature on super-resolution near-field imaging,^[@ref1]−[@ref3]^ it remains unexplored what the unique optical properties of nanolenses in a TIR mode are and how nanolenses in TIR mode can be utilized for imaging and light conversion techniques of high performance.

Here we will demonstrate that a nanolens exhibits a strong focusing effect in an evanescent field when the supporting surface is illuminated at high incident angles. The redistribution of light by the nanolens is tunable by either illumination angle or lens morphology. The extraordinary focusing effect is observed by experiments and rationalized by nanophotonics simulations. This work will further show that a strong focusing effect of nanolenses in an evanescent field is a very useful optical property for enhanced light conversion through the plasmonic effect. The intensity profile of light near the nanolens can also enable other novel applications, demonstrated in selective visualization of specimen in fluorescence imaging, optical trapping of colloids from an external flow, and local materials deposition from photoreaction.

Results and Discussion {#sec2}
======================

Formation, Morphology, and Focusing Effect of a Nanolens {#sec2.1}
--------------------------------------------------------

The lenses utilized in this study were prepared by the in situ droplet formation and polymerization of (either 1,6-hexanediol diacrylate (HDODA) or lauryl methacrylate (LMA)) on a solid surface. The droplets were formed by solvent exchange, which describes heterogeneous nucleation and growth driven by oversaturation at the mixing front between a good solvent (coined solution A) and poor solvent (coined solution B).^[@ref16],[@ref17],[@ref24]^ During the exchange, the solute exceeds the saturation point of the poor solvent, resulting in the formation of surface droplets, as schematically depicted in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}A. Following the exchange, the droplets are cured by UV light yielding lens patterned glass, of either poly(hexanediol diacrylate) (PHDODA) or poly(lauryl methacrylate) (PLMA). The polymer was HDODA in the experiments unless otherwise stated.

![(A) Schematic depiction of microlens substrate preparation via solvent exchange. A fluid-cell charged with solution A (red) is gradually displaced by solution B (blue), behind the mixing front, surface nanodroplets have nucleated (red). The droplets may be subsequently polymerized by UV light yielding microlenses. (B) Schematic depiction of individual microlens geometry described by a spherical cap where height, diameter, contact angle, and radius of curvature are *h*, *D*, θ, and *R*, respectively. The total internal reflection and subsequent evanescent wave are depicted by the blue lines and field, respectively. (C) Optical micrograph of microlenses of various sizes prepared through the polymerization of surface droplets. Scale bar = 20 μm. (D) Representative AFM height image of an individual lens, 1.5 μm in diameter with a height of ∼0.22 μm.](oc-2018-00501m_0001){#fig1}

Droplets and lenses formed by this method are described by spherical cap geometry, depicted in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}B. This morphology demonstrated by the representative optical image and AFM image of the nanolens(es) in Figure [1](#fig1){ref-type="fig"}C,D. The nanolenses of PHDODA produced across the substrate were on the order ∼0.5 μm--10 μm in diameter and exhibited a contact angle of 29 ± 2°. The corresponding height to diameter ratio is ∼0.13. The radius of curvature *R* = *D*/2 sin θ, where *D* is the lateral footprint (diameter) of the droplet and θ is the contact angle of the droplet/lens. The roughness of the lens top surface was measured to be 3.6 nm over an area of ∼4 μm^2^. The lens-decorated glass substrates were then utilized in various optical experiments, as described in the [experimental section](#sec3){ref-type="other"}, shown [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}A--B.

![(A) Schematic depiction of the setup used for *objective* based measurements. (B) Schematic depiction of setup used for *prism* based measurements.](oc-2018-00501m_0002){#fig2}

The profile of the light intensity was visualized by laser scanning confocal microscopy imaging of the substrate in water doped with a fluorescent dye in the setup of [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}A. As shown in the inset of [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}A, without lenses, the entire area of the substrate appears to be uniform with low intensity. However, with lenses on the same substrate, it is immediately apparent that bright zones next to the lenses stand out from a dark surrounding background, even at low intensity of illumination. As shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}A, the bright zone from a lens with a diameter of ∼10 μm is wider near the lens, narrowing down with the distance from the lens rim. Within [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}B, the intensity profile for a single lens is shown in 3D. The profile demonstrates a sharp increase in the intensity with a certain distance from the lens, and decay with further increase in the distance. As depicted schematically, the distance between the lens apex and the point of peak intensity will subsequently be referred to as the *focal length*, and the relative increase in intensity will be referred to as the *enhancement*.

![(A) TIRF image of microlens decorated substrate immersed in a 50% ethanol solution containing Nile red. Inset shows TIRF image of glass substrate immersed in a 50% ethanol solution containing Nile red. (B) 3D representation of a TIRF image for an individual microlens. The height and color map is given by the recorded experimental intensity. The lens is an added schematic. The approximate focal length and enhancement is schematically depicted by the arrows.](oc-2018-00501m_0003){#fig3}

[Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}A,B shows the corresponding intensity profile through the lens center, as indicated by horizontal line shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}A. The plot demonstrates a local minima of light intensity at the apex of the lens. As the position moves across and away from the lens, a sharp increase in intensity is observed. This increase in intensity then demonstrates an exponential decay away from the lens. From the TIRF images and extracted intensity profiles in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}A,B, it is also clear by shifting the angle of incident light, the focusing region was observed to change in shape and intensity. In this case, the normalized angle α was determined by the TIRF mirror positions 1945, 1935, 1890, and 1885, which describes a stepwise increase in incident angle. From the normalized intensities, it is clear that the lens is affording a peak 5--9 fold increase in intensity, at a distance on the order of 5 μm to 20 μm from the lens apex. From [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}A, there was some variation in the shape of the region with the size of the lens. Two representative lenses of similar size were initially selected to compare their focusing profiles as a function of the normalized incident angle α. From [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}C, the focal length decreased from ∼16 μm to ∼6 μm and ∼20 μm to ∼7 μm as the angle was increased, for the smaller and larger lens, respectively. It is worthy to note that while the point of peak intensity shifts closer to the lens, the region in its entirety appears to extend. Also, that while the focal distance shortened with increasing incident angle, the enhancement recorded during the experiments was relatively constant.

![(A) (left) Plot of intensity vs distance. (right) Plot of the normalized intensity vs distance at normalized angles of 0 (black), 0.27 (blue), 0.88 (green), 1 (red), as shown in B. (B) Corresponding TIRF images of microlens focusing tail at normalized angles of 0 (black), 0.27 (blue), 0.88 (green), 1 (red); normalized by TIRF mirror positions 1945, 1935, 1890, and 1885. (C) Plot of focal distance and enhancement vs normalized angle for lenses, *R* = 7.6 μm and *R* = 9.9 μm, shown in blue and green, respectively. (D) FDTD simulation for the lenses with *R* = 7.6 μm and *R* = 9.9 μm, shown on the left and right, respectively. The incident angle was varied from 62.5° to 72.5°, and denoted by the normalized incident angle α increasing from 0 to 1.](oc-2018-00501m_0004){#fig4}

Mechanism for Light Intensity Enhancement {#sec2.2}
-----------------------------------------

To investigate the origins of the focal region, ray tracing and finite-difference time-domain (FDTD) simulations were performed using the same lens geometry, as shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}C. While the ray tracing results showed some correlation, the FDTD results in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}D show a remarkable resemblance to the experimental observations. Adjacent to the lens, a prominent triangular focal region is clearly shown in the simulations. The shape of the focal region shifts with the incident angle of illuminated light, varying from 62.5° to 72.5°, and denoted by the normalized incident angle α increasing from 0 to 1. The contrast in simulation results suggests that the nanolens influences the near field.

Additional simulations were performed to provide more insights into the focusing effect. For lenses with radii from 5 to 10 μm at a constant incident angle of 67.5°, the plot shown in [Figure S1](#notes1){ref-type="notes"} revealed a general trend of increasing intensity enhancement with increases in lens size. Further, the focusing influence at higher incident angles were simulated between 74° to 84° in [Figure S2](#notes1){ref-type="notes"}, revealing an exponential decay in focus length. A range of determined intensity profiles in [Figure S3](#notes1){ref-type="notes"} largely demonstrate features similar to those in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}D. These results suggests the potential to tailor the optical properties based on lens and illumination geometry.

Analogous to the concept of convex lens to focus light, the subwavelength hemiellipsoid focuses the evanescent fields. The evanescent wave is excited by the total internal reflection of incident laser beam. Under this excitation geometry, the evanescent wave has a propagating component along the glass/liquid interface. Therefore, the curved hemiellipsoid surface behaves like a convex lens and will focus the propagating evanescent wave. The E-field of evanescent wave has three components: Ex, Ey, and Ez, and only Ez has exponential decay away from the glass/liquid interface, while Ex and Ey are the propagating components along the glass/liquid interface, and the combination of Ex and Ey determines the direction of the propagating evanescent wave (e.g., from left to right). Therefore, the focusing effect only occurs in one direction when the nanolens is formed at the glass/liquid interface. We note that minor deviation between the model and experimental results is reasonable given the difficulty in determining the angle for objective TIRF^[@ref25]^ where the angle in experiments is estimated according to the shift in TIRF mirror position. Further, we note the enhancement region bares some similarities to the "beacons" shown by Mattheyses and Axelrod,^[@ref26]^ and by Ishikawa et al.^[@ref27]^ adjacent to microspheres, which occur due to the refractive angle mismatch and subsequent scattering of the evanescent wave.

Enhanced Plasmonic Bubble Formation and Local Photoreaction {#sec2.3}
-----------------------------------------------------------

The above focusing effect of a nanolens provides unique opportunities for energy and imaging technology. The first demonstration is microbubble formation from the plasmonic effect enhanced by a nanolens. It is well established that metallic nanoparticles can strongly absorb light at a resonance wavelength through the plasmonic effect. The plasmonic effect can locally heat up and vaporize water, producing plasmonic microbubbles around the nanoparticles.^[@ref28]^ The formation of plasmonic bubbles has important applications in catalytic reactions, solvothermal chemistry, biomedical photothermal imaging, and cancer therapeutics.^[@ref29]−[@ref31]^ In solar energy harvesting, a local plasominc effect may be applied to sterilize water and desalination.

To reveal the effect of nanolens on the plasmonic bubble formation, we prepared PLMA lenses on a glass substrate yielding diameters between ∼0.3--5 μm and a contact angle of ∼90°. In this case, PHDODA was substituted with PLMA to facilitate the surface modification of the lens with amine groups and subsequent attachment of gold nanoparticles. The lenses decorated by spherical nanoparticles are shown in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}G. Additional top-view and tilted SEMs are included in the [Supporting Information, Figures S4 and S5](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00501/suppl_file/oc8b00501_si_001.pdf). These SEM images demonstrate uniform coverage across the lens surface and consistency in surface coverage between lenses. A white-LED was utilized to facilitate bright field microscopy for visualization of plasmonic microbubbles, while the microscope laser of 561 nm was used to simultaneously excite the gold nanoparticles immobilized on the substrate.

![(A) Optical image of a planar glass substrate coated with gold nanoparticles. The aggregates of nanoparticles are visible as the dark regions. Upon illumination no bubbles were detected. (B) Optical image of Au\@PLMA decorated lens substrate, with normal incident illumination. Upon illumination no bubbles were detected. (C) Optical image of bubble formation on Au\@PLMA decorated lens substrate, with tilted incident illumination. Scale bar = 5 μm. (D--F) Series of optical images captured in bright field, with tilted incident illumination. The bubbles are visible as bright white circular features, with the initial formation highlighted by purple arrows. With time it is evident that the bubbles grew, or in some cases collapsed, before a new bubble nucleated. The time is as labeled, and typically each frame represents a 32 ms step. The size of the lenses are *D* ≈ 2.9 μm, 3.5 μm, 2.4 μm, respectively. A video of this process in available in the [Supporting Information, Video S1](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00501/suppl_file/oc8b00501_si_002.avi). Scale bar = 1 μm. (G) Tilted SEM of a representative gold decorated microlens and schematic representation of the bubble growth via plasmonic heating. Scale bar = 1 μm.](oc-2018-00501m_0005){#fig5}

The maximal power of the laser module was ∼70 mW, higher than that in the above objective based measurements. The illuminated area was estimated to be ∼0.04 mm^2^, yielding an approximate intensity of ∼0.2 kW cm^--2^. As comparison, we examined a planar substrate that was coated with the nanoparticles but without lenses. Under the same illumination by the laser source, no plasmonic bubbles were detected ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}A). As the incident light is tilted, no bubbles were observed either, although an increase in intensity is expected.^[@ref32]^ In the second case, the nanoparticle decorated nanolenses were illuminated by a transmitted light. No bubbles were observed either ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}B).

In stark contrast, when the gold decorated lens was illuminated by a tilted light source in the total internal reflection mode, bubbles formed from most lenses in the illuminated area, as shown in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}C. A video demonstrating the bubble formation from in situ angle change is included in the [Supporting Information, Video S1](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00501/suppl_file/oc8b00501_si_002.avi). The bubbles formed and detached from the microlenses in a periodic manner. Remarkably, as the laser intensity was reduced to ∼60% of the maximum, the bubbles could still form on lenses. The results clearly suggest that the strong focusing effect of lens significantly enhances the local plasmonic effect and the formation of bubbles.

The enlarged images in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}D--F show three time-lapses of the bubble growth. In each case, the bubbles are visible as bright white features atop of the lens. Within [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}D, the nucleation is pointed by the arrow. With time, the bubble grew, progressively occupying the lens until its collapse at ∼8 s. This series was an outlier, showing the longest bubble growth duration observed and resulted in the largest bubble, *D* ≈ 5 μm. The lifetime of the bubbles was typically short with the entire life cycle of the bubbles finished within ∼32--160 ms (1--5 frames). In [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}E, the initial bubble collapsed and a secondary bubble had already formed with in ∼96 ms. The bubbles formed only grew until approximately *D* ≈ 1 μm. Similarly in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}F, the bubble grew to *D* ≈ 1.5 μm over 128 ms before collapse, with a secondary bubble already observed at 198 ms.

The bubble formation process is schematically depicted in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}G. Incorporating the metallic nanoparticles onto the lens in a controlled way creates a synergistic effect between the strong focusing effect of the lens in total internal reflection mode and the strong response of the nanoparticles to light. The dramatic field enhancement from the lenses boosts the efficiency of light conversion to local heating. The bubble formation subjects to the coupled effects from local light intensity and local physical and chemical properties of the substrate. Each lens demonstrated repeated nucleation at the same location, due to localized nucleation centers as a result of plasmonic hot spots. A video of this process is also included in the Supporting Information, [Videos S2](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00501/suppl_file/oc8b00501_si_003.avi), [S3](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00501/suppl_file/oc8b00501_si_004.avi), and [S4](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00501/suppl_file/oc8b00501_si_005.avi). The continuous illumination yielded the repeated formation of nanobubbles consistent with the behavior of plasmonic bubbles reported in other systems, albeit without growing into larger microbubbles.^[@ref33]^

On the other hand, the distribution of light due to a nanolens in TIR allows for selective blocking of local product deposition from photoreaction. The reduction of silver was utilized as a proof of concept for a locally inhibited photoreaction. The photoreduction of silver nitrate and sodium citrate utilized laser illumination in TIR. Initially, the lens was solely observed in [Figure S6A](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00501/suppl_file/oc8b00501_si_001.pdf) (at increased intensity relative to fluorescence studies). Over time, a gradual deposition of silver was observed by the increased "blinking" of nanoscopic features shown in the middle frame of [Figure S6A](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00501/suppl_file/oc8b00501_si_001.pdf). The silver was deposited across the substrate; however, the formation of silver was significantly hindered on part of the lens surface. The silver formation is expected to follow the intensity profiles already observed and shown in [Figure S6A](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00501/suppl_file/oc8b00501_si_001.pdf). Indeed, the SEM images and plot in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"} show that as the exposure time increased, the surface coverage of silver spread further over the lens and the silver nanoparticle size increased. The distribution of silver nanoparticles is closely related to the simulated intensity profile shown in [Figure S6B](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00501/suppl_file/oc8b00501_si_001.pdf), which demonstrates intensity across the surface: an intense region near the lens, and the lens itself dark. The selective deposition of silver was observed onto lenses as small as *D* = 360 nm. This preparation may provide a simple pathway to preparing films with a gradient of metal nanoparticles on the surface by simply manipulating the exposure time of light. We note that silver was readily formed under illumination; hence it is harder to show the selectivity in the location for the silver formation than the blocking effect demonstrated above. The bare area of the substrate makes it possible to further functionalize the bare area free of silver with other species.

![SEM images of silver deposition atop of a microlens with increasing exposure times. The surface coverage of the microlens increases with time, following the intensity profile shown in A. Scale bar: 2 μm. The adjacent plot shows the surface coverage and particle size (nm) vs time of exposure (s) for silver deposition atop a microlens.](oc-2018-00501m_0006){#fig6}

Locally Enhanced Imaging and Colloid Trapping {#sec2.4}
---------------------------------------------

The local focusing effect of a nanolens in TIR provides the opportunity for the selective illumination of fluorescent specimen, while the overall illumination can be at a low intensity. In this way, only the small proportion of the species near the nanolens are illuminated; thus possible photobleaching of sensitive samples can be alleviated. As shown in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}A, nanodroplets were suspended in the entire liquid mixture containing fluorescent dye. At very low illumination, only these nanodroplets within the focal zone of the nanolens were visible and could be characterized, while other nanoparticles do not experience enhanced illumination. Meanwhile, [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}B shows the process of a fluorescent microparticle with a diameter of ∼2 μm passing the region near the lens. The microparticle was only well resolved once within the focusing region of the nearby lens. The accompanying intensity profiles show that as the particle entered the focal region, the fluorescence signal increased by more than 1 order of magnitude. As the particle began to leave the region, the signal was reduced, and the particle was only partially visible.

![(A) TIRF images in the absence (top) and presence (bottom) of nanodroplets in the solution. Although the nanodroplets were in entire solution, only those within the focal region exhibit fluorescence. (B) Three sequential TIRF images of a tracer microparticle (indicated by the purple circle). As the particle migrated from the bottom to the top across the focusing region of a lens, the particle was invisible, highly visible, and invisible again. Each image is accompanied by the corresponding intensity profile through the lens center. (C) Time-lapse demonstrating the confinement of an individual particle within the focal region of a lens. The particle (∼0.8 μm) remains trapped for ∼70 s against an external displacement velocity of ∼2 mm/s in the external flow. The adjacent plot shows the mean squared displacement with time. The initial linear slope was determined to be ∼0.6 μm^2^ s^--1^. The deviation from linearity indicates a restriction on Brownian motion. The location trace is shown by the blue line within the inset of the plot. The initial and final position location are indicated by the white and black star, respectively.](oc-2018-00501m_0007){#fig7}

The intensity gradient from the nanolens also creates the potential to trap colloidal particles via optical trapping. For example, an individual particle was confined within the focal region of a lens in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}C. The tracer particle (∼0.8 μm) was introduced with fluorescent dye at a displacement velocity of ∼2 mm/s by an external flow. Again, the observed intensity of the particle varied depending on its position in relation to the lens. Interestingly, despite the external flow, the particle remained confined, oscillating adjacent to the lens for a period of ∼70 s. The particle was tracked with time, with the total trace shown in the inset of [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}C. From the trace, it is evident that the particle oscillated near the lens. The increased opacity of the trace indicates that particle occupied the focal region for a prolonged duration. The mean squared displacement, MSD, was determined from the tracking, revealing an initial linear slope of 0.6 μm^2^ s^--1^. Under pure Brownian motion, it is expected that MSD ≈ *D*Δ*t*, where *D* is the diffusion coefficient of the particle. As the particle enters the focal region of the lens, the interaction with light restricts the particle motion, leading to the deviation from the linear relationship with time.^[@ref34]^ The determined slope would predict a particle size with a radius of ∼2.5 μm, approximately 5 times the real size. In other words, the total displacement of the particle was far less than what would be expected, even under still conditions. More interestingly, beyond the initial linear region, there is a marked decrease in gradient and multiple oscillations, indicating there was a severe deviation and hindrance to Brownian motion. Our result indicates that the local focusing effect of the nanolens in TIRF may be used as a novel approach for trapping microparticles temporally in an evanescent field.^[@ref35]^

Experimental Method and Simulations {#sec3}
===================================

Chemicals and Materials {#sec3.1}
-----------------------

1,6-Hexanediol diacrylate (HDODA) (80%, Sigma) and lauryl methacrylate (LMA) (97%, Sigma) were utilized as monomers. The droplets of monomers were cured through the incorporation of photoinitiator, 2-hydroxy-2-methylpropiophenone (97%, Sigma). Isopropanol (AR, Sigma) was used to clean the solid substrates, syringes, and fluid cell. Ethanol (AR, Chem-supply) and water (Milli-Q) were utilized as the good and poor solvent, respectively, for the solvent exchange to produce surface nanodroplets. For fluorescent studies, the solution was stained by either Nile red (Sigma) and Rhodamine 6G (Sigma). Silver nitrate (99% Chem-supply) and trisodium citrate (99%, Chem-supply) were nanoparticle precursors. Poly(ethylene glycol)diamine (*M*~n~ = 3000, Sigma) was utilized to functionalize the polymeric lens with amine groups. All reagents were used as received. Cover glass (ϕ = 42 mm, No. 1, Proscitech or 26 × 60 mm, No. 1.5H, Marienfeld) were used as substrates. No unexpected or unusually high safety hazards were encountered.

Preparation of Nanolenses {#sec3.2}
-------------------------

The lenses utilized in this study were prepared by the in situ formation and polymerization of acrylate droplets on a solid surface. The protocol for droplet formation was solvent exchange, which describes the process of heterogeneous nucleation driven by the oversaturation at the mixing front between a good solvent (coined solution A) and poor solvent (coined solution B).^[@ref16],[@ref17],[@ref24]^ During the exchange, the solute exceeds the saturation point of the poor solvent, resulting in the nucleation and growth of surface droplets, as schematically depicted in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}B. Solvent exchange was performed utilizing a home-built fluid cell for confocal microscopy, as shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}C. Two acrylic frames provide structural support for circular glass substrates (42 mm). The liquid seal and channel height are maintained by a silicone O-ring providing a channel height of 560 μm. The fluid cell was charged with a solution of 0.5% HDODA in 50% ethanol--water. This initial solution was gradually displaced by a second solution of HDODA-saturated water. For LMA droplets, the first and second solution were 0.5% LMA in ethanol and water, respectively. The displacement of the solution was controlled by a digital syringe pump (NE-1000, Pump Systems). Following the exchange, the fluid cell was placed under UV light (20 W, 365 nm, Thermofisher) to cure the monomer droplets yielding lens patterned glass. The polymer was HDODA in all the experiments unless otherwise stated.

Total International Reflection Confocal Microscope {#sec3.3}
--------------------------------------------------

Several experiments were performed in situ by TIRF on a Nikon N-Storm super resolution confocal microscope (TIRF 100×, 1.49 NA objective lens). The fluid cell was mounted as shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}C and illuminated by a 488, 561, or 768 nm continuous wave (CW) laser. Within the NIS-Elements AR software, the TIRF mirror position was adjusted until achieving TIR, determined by a simultaneous decrease in background brightness. The region of interest was collected by an Andor iXon DU-897 EMCCD camera, with a pixel calibration of 0.16 μm per pixel. Image analysis was performed using a combination of NIS-Elements instrument software and home-built python codes utilizing the open source PIMS, scikit,^[@ref36]^ and TrackPy^[@ref37]^ packages for Python.

Enhanced Plasmonic Bubble Formation {#sec3.4}
-----------------------------------

PLMA lens patterned glass was cleaned by oxygen plasma before being submerged in an aqueous solution of poly(ethylene glycol)diamine (10%, in borate buffer) for 8 h at 60 °C. The amine functionalized substrate was then washed using water and ethanol, before being submerged in gold nanoparticle (80 nm) solution overnight. The substrate was subsequently cleaned by sonication in water and ethanol, yielding gold nanoparticle decorated lenses. The gold decorated substrate was mounted into the fluid cell used for objective-TIRF and charged with water. Within the NIS-Elements AR software, the TIRF mirror position was adjusted to achieve the same incident angle as utilized for TIRF imaging. A white-light LED was used to capture the surface of the substrate through bright-field imaging, which was collected by the Andor iXon DU-897 EMCCD camera. Plasmonic bubbles were formed from the localized heating of the gold particles when the laser shutter (λ = 561 nm) was opened.

Plasmonic bubble formation and silver deposition experiments could be repeated within a home-built TIR setup utilizing an optical stage, as shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}D. A custom fluid-cell was prepared utilizing a silicone O-ring sealed by two glass coverslips. The seal was maintained by the simple use of binder clips. The lower substrate was mounted to a glass prism coated with refractive index matching oil. The combination of cell and prism was mounted on a sample stage with controlled *x*,*y*,*z* rotations (Thor laboratories). The stage was rotated such that TIR was achieved utilizing a 561 nm CW laser. The laser power was varied between 1 and 150 mW. A home-built home-built microscope in transmission mode was prepared using a lens tube mount and Nikon 50× SLWD objective. The light source was a red LED (Thor laboratories) detected by a CCD camera (1.4MP, 1501M, Thor laboratories). The visibility of the laser was controlled by use of a fast-change lens tube filter (Thor laboratories). The in situ resolution of the experiments was far less than through the objective measurements.

Focusing Effect, Colloid Trapping, and Local Photoreaction {#sec3.5}
----------------------------------------------------------

Droplets and tracer particles were observed by objective-TIRF. To prepare droplets in situ solvent exchange was performed as described above. For the tracking of particles, the same fluid cell used for solvent exchange was charged with water. Polystyrene spheres (0.8 or 2 μm, 5%, Fluorosphere, λ~max~ = 590 nm) were diluted to ∼0.02% v/v. This solution was subsequently introduced to the fluid cell via syringe pump.

The respective fluid cell with a HDODA lens decorated glass substrate was charged with a freshly prepared aqueous solution of silver nitrate and sodium citrate (1 mM). Silver was deposited by the opening of the laser shutter (λ = 561 nm). The deposition of Ag was controlled by both time of exposure and laser power.

Finite-Difference Time-Domain Simulations {#sec3.6}
-----------------------------------------

The simulation was performed by the FDTD method using a commercial software - FDTD Solutions (Lumerical). The simulation region was set to be 3D in the software. Plane waves (parallel beams) with different incident angles were used as illuminate sources. The micro-/nanolenses were designed to match the experimental parameters of the PHDODA lenses. The diameter was controlled between 1 and 10 μm, with a height to diameter ratio of ∼0.13, as dictated by the droplet contact angle on the glass substrate. The refractive indices set for the glass, lens, and water were 1.518, 1.492, and 1.33, respectively. The detection region of the field profile monitor in the *Z* plane was infinitely small, placed at the edge of lens periphery. The incident angle was varied from 62.5° to 72.5°. For comparison, ray tracing simulation was also performed using a commercial software (ZEMAX). The 3D model was built by the nonsequential mode in the software.

Conclusions {#sec4}
===========

A nanolens on a solid surface exhibits a remarkable focusing effect in an evanescent field from TIR through the supporting substrate. The light intensity profile created from the nanolens is varied by both the lens geometry and illumination angle. This focusing effect of the nanolens in TIR mode is the basis for a range of novel applications. The nanolens may be employed to dramatically enhance the local plasmonic effect of metal nanoparticles and vaporize water at very low intensity of illumination. Importantly, the simple production of the nanolenses from liquid droplets would make it possible to incorporate nanolenses into standard imaging systems and light conversion processes. The optical properties of the nanolens reported in this work dramatically expand the spectrum for nanolens-based applications.
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